The lanthanum-rich antimonide La 2 NiSb was synthesized by annealing a cold-pressed pellet of the elements in a sealed silica glas tube at 1120 K. La 2 NiSb was characterized by powder and single-crystal X-ray diffraction: ordered Bi 3 Ni type, Pnma, Z = 4, a = 825.6(3), b = 452.2(2), c = 1195.5(4) pm, wR = 0.0695, 856 F 2 values, 26 variables. The nickel atoms form infinite zigzag chains (259 pm Ni-Ni) with trigonal-prismatic lanthanum coordination for each nickel atom. The antimony atoms cap the rectangular faces of the lanthanum prisms (336 pm La-Sb) and thereby coordinate also the nickel atoms (271 pm Ni-Sb). These rods run parallel to the b axis and form a herringbone pattern, similar to the FeB-type structure of GdNi. Although metallic conductivity is expected for La 2 NiSb from DFT-based band structure calculations, the real-space bonding analysis shows prominent localization of electrons on antimonide anions and positively charged lanthanum cations. The chain substructure is strongly bonded by polar covalent Ni-Sb and multicenter Ni-Ni interactions. The nickel atoms, which are involved in multicenter bonding with adjacent nickel and lanthanum atoms, provide a conductivity pathway along the prismatic strands. 121 Sb Mössbauer spectroscopic data at 78 K show a single signal at an isomer shift of −7.62(3) mm s −1 , supporting the antimonide character. La 2 NiSb shows weak paramagnetism with a susceptibility of 2.5 × 10 −3 emu mol −1 at room temperature.
Introduction
The rare earth (RE) metals react with a transition metal (T ) and antimony, forming a huge variety of ternary antimonides with broadly varying crystal-chemical features. The many crystallographic data have been summarized in a review by Sologub and Salamakha [1] . Among these compounds, the equiatomic phases RETSb have been most intensively investigated, especially the cerium-, europium-, and ytterbium-containing ones, because they are potential candidates for valence instabilities. The basic data for these antimonides have been reviewed [2 -8] . Another very interesting series concerns the skutterudites RET 4 Sb 12 which have been thoroughly studied in the context of thermoelectric materials [9] .
Most of the RE x T y Sb z phases have comparatively high antimony contents, leading to pronounced antimony substructures. Only a few rare earth-rich phases are known, especially the Mo 5 B 2 Si-type antimonides RE 5 T 2 Sb [10 -12] which contain isolated antimony atoms (i. e. no Sb-Sb bonding) in square-antiprismatic rare earth coordination. In continuation of our systematic studies of hydrogenation experiments of the equiatomic LaT Sb and CeT Sb antimonides [6] we obtained the new lanthanum-rich antimonide La 2 NiSb. The targeted synthesis, crystal chemistry, chemical bonding, and properties are reported herein. The pe-culiar topic of this contribution concerns the crystalchemical relation of La 2 NiSb with the bulk superconductor Bi 3 Ni [13 -16] .
Experimental

Synthesis
Starting materials for the synthesis of polycrystalline samples of La 2 NiSb were lanthanum ingots (Smart elements), nickel powder (Merck) and antimony shots (Johnson Matthey), all with stated purities higher than 99 %. Filings of lanthanum were prepared under paraffin oil, washed with cyclohexane (both dried over sodium wire) and kept in Schlenk tubes prior to the reactions. The elements were mixed in a mortar, subsequently cold-pressed to pellets of 6 mm diameter and sealed in evacuated silica glas tubes. The ampoules were heated in muffle furnaces up to 1120 K within 96 h and kept at that temperature for 500 h. The samples were cooled down to room temperature over a period of 96 h. The resulting powders were dark grey. They are stable in air for a few days before starting slow hydrolysis.
Below a reaction temperature of 920 K no reaction to La 2 NiSb was observed. At temperatures above 1170 K an anti-Th 3 P 4 -type phase with an approximate composition La 4 Ni 1.5 Sb 1.5 could be obtained. The refined lattice parameter of this cubic decomposition product was 964.65 (6) pm. This phase can also be obtained by melting polycrystalline La 2 NiSb.
EDX data
Semiquantitative EDX analyses of the crystal investigated on the diffractometer was carried out by use of a Zeiss EVO ® MA10 scanning electron microscope in variable pressure mode with LaF 3 , nickel and antimony as standards. The experimentally observed composition (52 ± 3 at.-% La; 28 ± 3 at.-% Ni; 20 ± 3 at.-% Sb) was close to the calculated one. No impurity elements heavier than sodium (detection limit of the instrument) were observed.
X-Ray diffraction
The polycrystalline La 2 NiSb samples were characterized by Guinier powder diffractometry (CuK α1 radiation, internal α-quartz standard: a = 491.30 pm, c = 540.46 pm). The Guinier camera was equipped with an imaging plate technique (Fujifilm, BAS-1800). The orthorhombic lattice parameters (Table 1) were obtained from a least-squares refinement. Correct indexing was ensured by an intensity calculation [17] .
Small crystalline fragments were selected from the La 2 NiSb samples. The suitability for intensity data collection was first checked by Laue photographs on a Buerger camera (white Mo radiation). A data set of a good-quality crystal was collected at room temperature using a Stoe IPDS-II image plate system (graphite-monochromatized MoK α radiation; λ = 71.073 pm) in oscillation mode. A numerical absorption correction was applied to the data set. The relevant crystallographic data and details of the data collection and evaluation are listed in Table 1 .
Structure refinement
Careful examination of the data set showed a primitive orthorhombic lattice, and the systematic extinctions were compatible with space group Pnma. The starting atomic parameters were deduced using the charge-flipping algorithm of SU-PERFLIP [18] , and the structure was refined with anisotropic displacement parameters for all atoms with JANA2006 [19] . The solution of the structure revealed the Pearson code oP16 with Wyckoff sequence c 4 . Inspection of the Pearson data base [20] readily indicated isotypism with Bi 3 Ni [13] . The La 2 NiSb structure was then refined with the setting of the prototype. Separate refinement of the occupancy parameters revealed no deviations from the stoichiometric composition. The final difference Fourier synthesis revealed no significant residual peaks (Table 1 ). The atomic parameters and interatomic distances are listed in Tables 2 and 3 . Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizkarlsruhe.de/request_for_deposited_data.html) on quoting the deposition number CSD-427930.
Mössbauer spectroscopy
A Ba 121m SnO 3 source was available for the Mössbauer spectroscopic measurement, which was conducted in the usual transmission geometry. The sample was enclosed in a small PMMA container at a thickness corresponding to about 10 mg Sb per cm 2 . The measurement was performed in a commercial liquid nitrogen bath cryostat at 78 K. Fitting of the data was done by using the NORMOS-90 program package [21] .
Magnetic susceptibility measurements
Susceptibility measurements of several La 2 NiSb samples were carried out on a Quantum Design Physical Property Measurement System using the Vibrating Sample Magnetometer (VSM) option. For the measurements 10 -20 mg of the powdered samples were packed in polypropylene capsules and attached to the sample holder rod. The measurements were performed in the temperature range of 2 -305 K with magnetic flux densities up to 80 kOe (1 kOe = 7.96 × 10 4 A m −1 ).
Chemical bonding and band structure analyses
Scalar-relativistic DFT calculations were performed using the full-potential LAPW method [22] within the localdensity approximation (LDA). Chemical bonding was characterized through the topological analysis of the electron localizability indicator (ELI-D, ϒ σ D ) [23, 24] utilizing the DGRID program package [25] and using the PARAVIEW program package [26] for visualization. Formal atomic charges were calculated via integration of the electron density (ρ) in basins according to the quantum theory of atoms in molecules (QTAIM) developed by Bader [27] . The ELI-BON [28] values were computed from the ELI-D field employing similar partitioning and integration procedures.
Discussion
Crystal chemistry
The high-temperature reaction of the elements yielded a pure sample (according to powder X-ray diffraction, vide infra) of the new metal-rich antimonide La 2 NiSb. The compound crystallizes with a ternary ordered version of the Bi 3 Ni type [13] , space group Pnma, and lattice parameters a = 825.6(3), b = 452.2(2), c = 1195.5(4) pm. The La1, La2 and Sb atoms correspond to the Bi1, Bi2 and Bi3 sites, respectively, of the binary compound. Although the four crystallographically independent atoms in both structures occupy similar Wyckoff sites 4c, substitution by different elements leads to drastic distortions. Besides the lattice parameters (a = 887.96, b = 409.97, c = 1147.8 pm for Bi 3 Ni), also the positional parameters (Table 2) show substantial differences. Keeping these dissimilarities in mind (Figs. 1 and 2) , one should call the structural relationship between Bi 3 Ni and La 2 NiSb isopointal [29, 30] rather than isotypic.
The near-neighbor coordination of the nickel and antimony atoms in La 2 NiSb is presented in Fig. 1 . The nickel atoms have slightly distorted trigonal-prismatic lanthanum coordination. The lanthanum prisms share rectangular faces to form a rod that runs parrallel to the b axis. Antimony atoms cap the outer rectangular faces of the lanthanum prisms (336 pm La-Sb) and thereby also coordinate the nickel atoms (271 pm Ni-Sb). The adjacent nickel atoms within the chain and the antimony atom amend the coordination of the nickel atom to a tricapped trigonal prism. Coordination number 9 for transition metals is frequently observed in related intermetallic structure types [31] . Within the chains the Ni-Ni distances of 259 pm are 10 pm longer than in fcc nickel [32] . Similar nickel chains (244 pm Ni-Ni) with end-on-coordinated cadmium atoms occur in the Mn 2 B 2 Al-type intermetallics RE 2 Ni 2 Cd [33, 34] . The nickel chain in binary Bi 3 Ni is shown for comparison in Fig. 1 The coordination of the antimony atoms in La 2 NiSb is shown at the bottom of Fig. 1 . Again we find coordination number 9 and a tricapped trigonal prism as coordination polyhedron. The Ni-Sb distance of 271 pm is significantly longer than the sum of the covalent radii for nickel and antimony of 256 pm [35] . Typically, the Ni-Sb distances within diverse polyanions are closer to the sum of the covalent radii, e. g. 258 to 267 pm in PrNiSb 3 [36] or 257 to 271 pm in Zr 3 NiSb 7 [37] .
The cutout of the La 2 NiSb structure presented in Fig. 1 can be considered as fundamental building unit. The chains extend in b direction, and the adjacent chains are arranged in a herringbone pattern (Fig. 2) . This motif can also be described as a strongly distorted hexagonal rod packing. The comparison with the fundamental units of Bi 3 Ni readily shows that the tilt of the building units (realized by differences in the lattice parameters as well as by significant shifts in the atomic parameters) is much more pronounced in the La 2 NiSb structure. The ionic character of the antimony and lanthanum atoms is mirrored in the orientations of the rods, which are somewhat different in La 2 NiSb and Bi 3 Ni. In the latter, the capping atom Bi3 has six neighbor atoms in adjacent rods. The average interrod distances (367 pm) are 20 pm longer than those to bismuth atoms within the rod, indicating comparatively weak bonding between the rods. In La 2 NiSb, however, the capping antimony atom has only four lanthanum neighbors in adjacent rods, and the average Sb-La interrod distances (344 pm) are only 5 pm longer than the intrarod distances. The herringbone pattern arrangement of the zig-zag chains readily reminds the FeB-type structure [38] . For a binary nickel compound we present the GdNi structure [39] (drawn with the positional parameters of HoNi [40] ) in Fig. 2 . Also LaNi [41] (drawn with the positional parameters of CeNi [42] ) contains infinite zig-zag chains, however, in another arrangement (CrB type). Starting from the FeB structure one needs to cut the common edges of the prismatic units, and the nickel chains are coordinated by the antimony atoms. Such cluster units also occur in various rare earth-rich compounds like Gd 4 NiTe 2 , Er 5 Ni 2 Te 2 or Sc 5 Ni 2 Te 2 [43] with similar ranges for the Ni-Ni distances.
Electronic structure and chemical bonding
Nickel-antimony chains clearly emerge as distinct strongly bonded building units in the course of the real-space bonding analysis. Two types of interactions form the one-dimensional strands: multicenter interactions that are predominantly contributed by two adjacent Ni atoms as well as, to a lesser extent, two overlying lanthanum atoms (ELI-D domains #1 in Fig. 3 ) and strongly polar covalent Ni-Sb bonds (ELI-D domains #2 in Fig. 3) .
The latter disynaptic basin contains ca. 1.2 electrons, 56 % of which can be attributed to antimony via computation of the bond-polarity index [44] . Thus a covalent character of this bonding can be stated, although, as seen in Fig. 3c , the disynaptic basin is shifted towards the more electronegative atom and is significantly merged into the antimony valence shell.
The multisynaptic basins between the nickel atoms in the chain comprise about 0.5 electrons from each Ni constituent and about 0.14 electrons from each lanthanum, hence providing a one-dimensional conductivity pathway along the b axis. Furthermore, the nickel zig-zag entities also participate in the bonding with the outer prismatic lanthanum framework, as visualized by the ELI-D domains #3 in Fig. 3 . The integration of the respective ELI-D basins yields four constituents: three lanthanum atoms from the triangular base of a prism, each contributing 0.2 electrons to the bonding, and one underlying nickel atom that brings in another 0.3 electrons. Apart from this, lanthanum is not involved in any bonding, and further topological analysis reveals monosynaptic basins. Less than 0.1 electron contributions can be found in the antimony valence shells from neighboring "rods". Therefore mutual adjustment cannot be explained by bonding inter-rod interactions.
The band structure shows the borderline position of La 2 NiSb between a metallic and an insulating state (Fig. 4) . Given the metallic conductivity, a rod can be (Fig. 4) . Thus the electrons are mostly localized, but an itinerant component is nevertheless present along the prismatic strands via Ni-Ni and Ni-La bonds. spectrum was well reproduced by a single line at an isomer shift of δ = −7.62(3) mm s −1 . As a consequence of the low site symmetry of the antimony atoms, the signal is subjected to quadrupole splitting of ∆E Q = 0.10(3) mm s −1 . The experimental line width of Γ = 3.2(2) mm s −1 is in the usual range. The isomer shift is close to the values observed for the series of YbT Sb [4] and REZnSbO [45] compounds, or CeRhSb [6] , nicely manifesting the antimonide character. A trivalent antimony cation would show a much more negative isomer shift, e. g. − 11.3 mm s −1 in Sb 2 O 3 or − 14.5 mm s −1 for Sb 2 S 3 [46] .
Sb Mössbauer spectroscopy
Magnetic properties
The different La 2 NiSb samples showed a weak susceptibility of 2.5 × 10 −3 emu mol −1 at room temperature. The samples were all contaminated by very small amounts of an unknown ferromagnetic impurity (might be a consequence of the preparation technique), leading to an increase of the susceptibility between 300 and 150 K (Fig. 6) . A field-dependent magnetization curve at 300 K showed linear increase as expected for a weakly paramagnetic material. At 150 K and 5 K the magnetization showed a spontaneous incease already at tiny fields as a consequence of the small ferromagnetic component. The almost saturation magnetization at 5 K and 80 kOe is 0.1 µ B per formula unit (Fig. 7) . Thus, keeping the small values in mind, La 2 NiSb most likely behaves like a Pauli paramagnet. A similar behavior has been found for Bi 3 Ni, which is essentially a Pauli paramagnet but shows ferromagnetic fluctuations on the surface [47] . In nano-structured samples of Bi 3 Ni, this effect is much more pronounced due to the increased surface [14] .
